We discuss the approach to equilibrium and the fluctuations of a bistable system under dynamical conditions such that the field variables can be eliminated adiabatically. The atomic system evolves under the action of the coherent pumping of an external field and of collective and incoherent relaxation processes. The competition between pumping and relaxation effects causes the atomic steady-state configurations to depend discontinuously on the strength of the driving field. We derive an explicit expression for the spectrum of the forward-scattered light, which exhibits hysteresis and a discontinuous dependence on the driving-field amplitude. We analyze the approach to equilibrium for different values of the driving-field amplitude and propose a calculation of the steady-state spectrum of the transmitted light.
cial current interest are the transmission properties of a Fabry-Perot cavity filled with an absorptive or dispersive medium and driven by an external optical field. 2 -4 Under appropriate conditions, the light intensity transmitted by this system has been predicted to undergo discontinuous variations and to exhibit hysteresis effects. Successful switching of an optical cavity from a state of low to one of high transmission and vice versa has been demonstrated with sodium vapor 5 and ruby 6 ; other approaches have also been considered with an eye toward numerous potential applications. 7 -9 In addition, the bistable operation of a passive system has raised numerous theoretical questions: in the language of statistical mechanics, a bistable device is an open system driven away from thermal equilibrium by the action of an external field. It is of interest to investigate the steady-state properties of this system, its fluctuations and relaxation around steady state, and the possible existence of cooperative effects.
A simple quantum-mechanical model of absorptive bistability has been discussed extensively by Bonifacio and Lugiato. 10 These authors have considered the case of perfect matching between the excited cavity mode, the atomic absorption line, and the carrier frequency of the driving field. They have derived analytical conditions for the observation of bistability and pointed to the existence of remarkable fluctuation properties in the vicinity of the switching thresholds. In this Letter we present additional features of the quantum-mechanical model of bistability. 11 We analyze the approach to equilibrium for different values of the driving-field amplitude and propose a calculation of the steady-state spectrum of the transmitted light.
As anticipated in Ref. 10 , the spectrum consists of a single peak centered at the resonant atomic frequency along the cooperative (highly absorbing) atomic steady-state branch. Along the single-atom branch instead, the spectrum develops a pair of sidebands that are displaced from the central peak by an amount proportional to the Rabi frequency of the driving field. The abrupt occurrence of this dynamic Stark shift above the upper bistability threshold corresponds to the atomic system's becoming highly transparent. Along the high-transmission branch and for decreasing driving-field amplitudes, the two sidebands merge continuously into the central peak. In addition, in the neighborhood of both upper and lower bistability thresholds, the atomic system exhibits critical slowing down, as evidenced by the spectral narrowing of the transmitted light.
The atomic evolution is described by the reduced density operator W solution of the following master equation:
Equation ( can alter the dynamics of the atomic population quite drastically by forcing nonmonotonic behavior and by altering its steady-state value. The steady-state solutions for S and S 3 take the form
where the transmitted-field amplitude, x = V2 (QPFor c < 4, Eq. (4) predicts a single-valued relation between x and y for all values of the incident amplitude, y. For c > 4 and Ymin < Y < Ymax, the output-field amplitude is a multivalued function of the output field. The parameters Ymin and Ymax give the upper and lower bistability thresholds. The discontinuous behavior of the transmitted field and its hysteresis properties as a function of the input, y, are related to the multivalued nature of x. The behavior can also be understood in terms of elementary catastrophe theory where it is seen that optical bistability is just another example of cusp catastrophe and that the hysteresis of the transmitted field is a consequence of the so-called delay convention. 1 We now discuss the spectrum of the transmitted light, which is proportional to the Fourier transform of the atomic correlation function, (S+(t' + t)S-(t')).
In particular, we are interested in the steady-state value,
limtt > O (S+ (t' + t)S-(t')) > S+W(t)-) To this end
we define the set of correlation functions, 14 
xi = (S+(t)S-) -(S+) (S-), X2= (S-(t)S-) -(S.)2, and X3 = (S 3 (t)S-) -(S 3 ) (S-
and x (X1,X2,X3).
(6)
The solution of Eq. (5) (8) where D(z) = (z + A)(z + 2) + 2x(2x -y).
The required spectrum of the atomic fluctuations is directly given by
It is easy to see that in the limit of vanishing atomic density, (c -0), Eq. (9) leads to the well-known single-atom resonance-fluorescence spectrum. 16 For the interesting case c > 4, typical spectra are shown in Figs.
2 and 3. As the incident field increases from y = 0 to Y Ymax (Fig. 2) , the spectrum consists of a single broadened line with a monotonically decreasing halfwidth, which vanishes in the vicinity of the upper threshold as (Ymax -y)
112
. For y > Ymax, the spectrum develops sidebands discontinuously, and, for increasing fields, it approaches the usual single-atom spectrum of resonance fluorescence. When the driving field is decreased along the single-atom branch (Fig. 3) , the sidebands merge continuously into the central peak, which becomes narrower and narrower as the bistability threshold is approached. For y < Ymin, the atomic system jumps back to the cooperative branch, thus exhibiting discontinuity and hysteresis.
